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Abstract
An ad-hoc algorithm is presented for real-time adaptation of the well-known crossover pilot model
and applied to pitch axis gross acquisition tasks in a generic fighter aircraft. Off-line tuning of the 
crossover model to human pilot data gathered in a fixed-based high fidelity simulation is first 
accomplished for a series of changes in aircraft dynamics to provide expected values for model 
parameters. It is shown that in most cases, for this application, the traditional crossover model can be 
reduced to a gain and a time delay. The ad-hoc adaptive pilot gain algorithm is shown to have desirable 
convergence properties for most types of changes in aircraft dynamics.
Nomenclature
݀ݐ time step, seconds
݁ିఛ௦ time delay, seconds 
ܩ௖ controlled element (aircraft) transfer function, degrees per inch
ܩ௖ᇱ altered controlled element (aircraft) transfer function, degrees per inch
ܩ௣ pilot model transfer function, inches per degree
HUD heads-up display 
݇௤ pitch gain, degrees per second per inch
ܬ measure of fitness, inches-1
ܭ pilot gain, inches per degree
οܭ adaptive increment to the pilot gain, inches per degree
ȟܭሶ (ି) decremental adaptive pilot gain rate of change, inches per degree per second
ȟܭሶ (ା) incremental adaptive pilot gain rate of change, inches per degree per second
ܮఈ apparent lift-curve slope, seconds-1 
ܮିଵ multiplicative pitch gain uncertainty, unitless
NDI non-linear dynamic inversion
PIO pilot-in-the-loop oscillation
ݍ pitch rate, degrees per second
ݍ෤ pitch rate tracking error, degrees per second
ݏ Laplace operator, seconds-1
ଵܶ pilot lead time constant, seconds  ଶܶ pilot lag time constant, seconds
ߙ lead-lag filter time constant scaling term, unitless
Ȟ୏ pilot gain adaptation rate, inches per degree per second
ߜ pilot pitch stick deflection, inches 
ߝఏ threshold scale factor on pitch angle error, unitless 
ߝ௤ threshold scale factor on pitch rate, seconds
ߞ௦௣ short-period damping ratio, unitless 
ߞ௦௣ᇱ altered short-period damping ratio, unitless 
ߠ sensed pitch angle, degrees
ߠ௖௠ௗ pitch angle command, degrees 
ߠ෨ pitch angle tracking error, degrees
ߤଵ addative short period dynamics uncertainty, seconds-2
ߤଶ addative short period dynamics uncertainty, seconds-1
߬ pilot’s effective time delay, seconds
߬ఏ aircraft pitch response time delay, seconds 
߱௦௣ short-period natural frequency, seconds-1
߱௦௣ᇱ altered short-period natural frequency, seconds-1
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Introduction
Mathematical models of piloting technique are valuable tools for aircraft designers and, in the case of 
modern fly-by-wire aircraft, for flight control designers as well. The latter case in particular has prompted 
efforts to model the pilot’s behavioral response as a control system rather than the perhaps more realistic, 
but less analytically tractable approach of modeling the physical characteristics of the pilot as a biological 
system. Controls-oriented pilot models can be used to broadly categorize pilot dynamic behavior in terms 
of high-gain or low-gain response; provide a basis for understanding pilot techniques such as lead- or lag-
compensation; and serve as a tool for studying the interactions between the pilot, the aircraft, and the 
flight control system. Methods for modeling pilot behavior as control systems can be found in reference 1
and 2. 
Recent applications of adaptive flight control systems to aircraft (refs. 3 and 4) have demonstrated 
their potential for adverse pilot-controller interactions, such as pilot-in-the-loop oscillations (PIOs).
Historically these types of events, also called aircraft-pilot coupling, have been an infrequent, yet 
potentially serious risk associated with flight test and operation of piloted aircraft. Adaptive controllers 
are primarily concerned with variations in plant dynamics, whether due to changes in the vehicle such as 
those caused by failures or damage, or its environment as in the case of changing flight conditions. When
changes to plant dynamics are objectionable, the pilot may also become an adaptive element. Therefore, a 
thorough analysis of interactions between the pilot and the adaptive controller requires an adaptive model 
of the pilot that is reasonably representative.
There is very little published work on adaptive pilot models. One recent effort (ref. 5) has applied an 
ad-hoc adaptation algorithm to a pilot pursuit model. This model contains a fixed transfer function of the 
pilot's neuromuscular system and two adaptive gains, one corresponding to rate feedback and the other to 
position feedback. The ad-hoc update law adjusts the rate feedback gain based upon error between the 
commanded rate and the rate feedback. The position feedback gain is adjusted proportionally to changes 
in the rate gain. This algorithm was shown to have good adaptation characteristics for a variety of 
example problems, primarily consisting of switching between the dynamics of different simple systems. 
However, it relies upon explicit knowledge of the time at which a change in plant dynamics occurs and 
only allows for a brief period of adaptation. The variable gains are prone to large instantaneous changes 
caused by the use of a threshold function that is not representative of a human pilot. Furthermore, the 
position feedback gain adjustment is only allowed to increase, preventing adaptation to situations in 
which the change in plant dynamics is only temporary. 
This report presents an ad-hoc method for adapting the well-known crossover pilot model applied to 
the pitch axis control of a generic fighter aircraft. This new method improves upon the technique of 
(ref. 5) by allowing continuous, smooth adaptation for both gain increases and decreases to provide a 
better match for human pilot behavior. First, a description of the pilot-vehicle system is presented for a 
pitch angle gross-acquisition task. A suite of altered aircraft dynamics is then introduced to analyze
changes in pilot technique due to changes in plant behavior. The fixed-gain crossover pilot model is fit to 
human pilot data from a ground-based high-fidelity simulation for each of these cases, and the resulting 
model parameters and associated frequency and time responses are analyzed. It is shown that in most 
cases a simplified form of the pilot model provides a sufficient match to the human pilot data. An 
adaptive algorithm for adjusting the gain of the simplified pilot model is synthesized from the results of 
this analysis, and simulation data of real-time pilot model adaptation is presented.
Pilot-Vehicle System Description
The block diagram shown in figure 1 represents the pilot-vehicle system for a pitch axis gross 
acquisition task. In this case, a series of pitch angle commands ߠୡ୫ୢ are provided to the pilot, presumably 
3through a visual display. In a similar fashion, the aircraft pitch angle ߠ is observed by the pilot who forms 
a mental estimate of the pitch angle error ߠ෨. Compensation is then applied via the pilot model ܩ௣ in the 
form of a control stick deflection, which in turn drives the aircraft pitch angle according to the vehicle
dynamics ܩ௖.
Figure 1. Pilot-vehicle system for a short-period gross acquisition task.
The pilot model ܩ௣ is the primary subject of this report and is discussed in detail in the sections that 
follow. The vehicle dynamics ܩ௖, described by equation (1), are the pitch-axis short-period dynamics for a 
typical modern fighter aircraft (ref. 6). 
ܩ௖ =
ߠ
ߜ = ݇௤
߱௦௣ଶ (ݏ + ܮఈ)
൫ݏଶ + 2ߞ௦௣߱௦௣ݏ + ߱௦௣ଶ ൯ݏ
(1) 
The results presented in this report were obtained using a high-fidelity F-18 aircraft (McDonnell 
Douglas now The Boeing Company, Chicago, Illinois) simulation in which equation (1) formed the 
reference model for a non-linear dynamic inversion (NDI) control law. The NDI controller suppressed the 
natural dynamics of the F-18 aircraft and replaced them with the desired reference dynamics. Nominal 
values for the constant terms of equation (1) were selected to provide Level 1 flying characteristics.
Reference 7 defines Level 1, or satisfactory, flying qualities as, “Flying qualities adequate for the mission 
Flight Phase. Desired performance is achievable with no more than minimal compensation.”
An investigation of pilot adaptation and the corresponding development of an adaptive pilot model
requires the ability to vary the aircraft dynamics in a predictable and precise manner. The nominal 
reference model dynamics were augmented according to equation (2) with three uncertainty terms ܮିଵ,
ߤଵ, and ߤଶ which could be altered in combinations to produce variations in loop gain, frequency, and 
damping as desired. The alternate dynamics scenarios which were investigated are listed in table 1. 
ܩ௖ᇱ =
ߠ
ߜ = ܮ
ିଵ݇௤
߱௦௣ଶ (ݏ + ܮఈ)
ቀݏଶ + ൫2ߞ௦௣߱௦௣ + ߤଶ൯ݏ + ൫߱௦௣ଶ + ߤଵ൯ቁ ݏ
(2) 
4Table 1. Scenarios for changes in vehicle dynamics.
Scenario ܮିଵ ߤଵ ߤଶ Description
I 1 0 0 nominal aircraft dynamics
II 0.5 0 0 50% reduction in loop gain
III 2.0 0 0 100% increase in loop gain 
IV 1 0 -1.8428 reduction in damping ratio, ߞ௦௣ᇱ = 0.2
V 1 0 4.146 increase in damping ratio, ߞ௦௣ᇱ = 1.0
VI 0.2855 -10 -1.555 reduction in frequency, ߱௦௣ᇱ = 2.0
VII 2 14.01 1.3836 increase in frequency, ߱௦௣ᇱ = 5.3
Handling qualities predictions for each scenario in table 1 are shown in figure 2, based on the Neal-
Smith criterion (ref. 8). Neal-Smith uses a pilot compensation transfer function consisting of lead-lag 
compensation and pilot gain to track pitch angle commands. These elements are adjusted to achieve a
combination of desirable steady-state closed-loop error characteristics (3 dB droop) and specified 
bandwidth frequency. A range of bandwidth frequencies, between 1.5 and 3.5 radians per second were 
analyzed with an assumed pilot lag of 300 milliseconds. The magnitude of the required phase 
compensation and closed-loop resonant peak are cross-plotted against Level 1, 2, and 3 boundaries that 
have been derived from historical flight data. 
Figure 2. Handling qualities predictions for alternate dynamics scenarios using the Neal-Smith criteria. 
The baseline aircraft dynamics, as well as the increased damping ratio and reduced natural frequency 
cases (scenarios I, V, and VII respectively) all show mostly Level 1 predictions with little sensitivity of
the resonance peak to variations in pilot bandwidth. The Neal-Smith predictions for changes to the loop 
gain (scenarios II and III) did not vary significantly from the predictions for the baseline case and are not 
shown. 
The Neal-Smith criterion predicts the reduced pitch damping dynamics (scenario IV) to be solidly 
Level 2 for low bandwidth tasks. Increasing the bandwidth raises the magnitude of the resonance peak 
and pushes the predictions into the upper-left corner of the criterion’s Level 3 region, which indicates a 
strong potential for PIO tendencies due to abrupt aircraft responses. 
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A decrease in the natural frequency response of the aircraft (scenario VI) results in Level 1 handling 
qualities predictions for low bandwidth tasks and Level 3 for high bandwidth tasks. As with scenario IV, 
Neal-Smith predicts scenario VI to be PIO prone, but in this case caused by a combination of resonant 
peak and an excessively sluggish response. 
Fixed-Gain Crossover Pilot Model Description
The basis for the adaptive pilot model developed in this paper is a modification of the pilot crossover 
model, the traditional form of which (ref. 1) is described in equation (3). The traditional model consists of 
a pilot gain ܭ, lead time constant ଵܶ, lag time constant ଶܶ, and effective time delay ߬. The adaptive model 
eliminates the lead and lag time constants in order to simplify the adaptation algorithm, a modification 
that is justified below through comparisons with human pilot data. 
ܩ௣ =
ߜ
ߠ෨ = ܭ
ଵܶݏ + 1
ଶܶݏ + 1 ݁
ିఛ௦ (3) 
The crossover model can be re-arranged, as in equation (4), to yield an expression for the pilot’s pitch 
stick command as a function of the pitch angle and pitch rate tracking errors. The pilot lag time constant 
ଶܶ has been re-written in terms of the lead time constant ଵܶ and a non-negative scalar term ߙ. A value of 
ߙ < 1 denotes pilot lead compensation while ߙ > 1 indicates pilot lag compensation. 
ߜ = ܭ൫ ଵܶݍ෤ + ߠ෨൯ ൬
1
ߙ ଵܶݏ + 1൰ ݁
ିఛ௦ (4) 
Note that, setting either ߙ = 1 or ଵܶ = 0 in equation (4) has the effect of eliminating the lead-lag 
filter from the pilot model, leaving only the gain and time delay. Also, to avoid unrealistically small filter 
time constants ߙ was set to zero in the event that the combined term ߙ ଵܶ < 0.025. The value of 0.025 
was chosen as four times the simulation fixed step size to provide adequate margin from the Nyquist 
frequency. 
The pilot’s effective time delay represents the unavoidable delay between sensing an error and 
manipulating the control stick, combining elements such as reaction time and neuromuscular lag. Because 
this feature of the crossover model is an unalterable characteristic of the pilot, it was not made an 
adaptable parameter. Typical values for the effective time delay between 300 and 400 milliseconds were
determined from the piloted simulation by measuring the delay between the initial movement of a 
tracking target to the initial deflection of the pitch stick. The effective time delay was implemented as a 
first-order Padé approximation. 
For each of the scenarios described in table 1, the parameters of the crossover pilot model were tuned 
via a non-linear search routine to match as closely as possible the piloting technique of a single human 
subject in NASA Dryden’s piloted F-18 aircraft simulation. A gross acquisition task was used as shown in 
figure 3, consisting of a series of pitch angle captures. Using the heads-up display (HUD), the pilot 
attempted to place a circular body-axis-fixed pipper onto a vertically-displaced target line. Tracking error 
is the difference in elevation angle between pipper and target line. The resulting crossover model 
parameter sets are listed in table 2. In all seven cases it can be seen that ߙ > 1, indicating various degrees 
of pilot lag compensation. In some cases the lag compensation is at very high frequency and doesn’t 
affect the tracking performance.
6Table 2. Crossover model parameter fits to human subject data.
Scenario ܭ ଵܶ ߙ Description
I 0.16 0.0013 43 nominal aircraft dynamics
II 0.34 0.101 2 50% reduction in loop gain 
III 0.082 0.0042 9 100% increase in loop gain
IV 0.20 0.33 2.7 reduction in damping ratio
V 0.22 0.017 1.5 increase in damping ratio
VI 0.50 0.35 1.4 decrease in frequency
VII 0.80 0.58 2.1 increase in frequency
Figure 3. HUD pitch angle gross acquisition task. 
The applicability of the pilot crossover model parameter sets in table 2 for each scenario was
evaluated according to the similarity between the pilot model’s pitch stick commands Ɂ୫୭ୢୣ୪ and the 
human subject pilot’s commands Ɂ୮୧୪୭୲ for a given task. Figure 4 shows the best and worst matches as 
calculated from the fitness function described in equation (5). 
ܬ = 1
1 + ቛඥ׬(ߜ௣௜௟௢௧ െ ߜ௠௢ௗ௘௟)ଶቛஶ
(5) 
Figure 4. Sample matches between human pilot and crossover model commands. 
7Even for scenario VI, which had the worst match, the tuned crossover model closely matches the 
human subject’s piloting technique with some lag and tendency to overshoot. It should be noted that 
human pilots display a wide range of piloting techniques, and even the same pilot may fly differently in 
different situations. The parameter sets in table 2 are not intended to apply to all pilots in all situations.
However, the intent of this report is to show that the traditional crossover pilot model can be tuned to 
match a given set of human subject data. Later, it will be shown that the pilot model can be made self-
tuning. In both cases, the results are specific to the human subject pilot for which the data was collected.
Data for another pilot with a different piloting technique would likely produce different parameter sets 
and different adaptation characteristics. The extent to which the algorithms presented here apply to a 
general population of human pilots remains a topic for further research. 
Analysis of Scenario I – Nominal Aircraft Dynamics
The crossover model derives its name from a rule-of-thumb (ref. 1),  which states that a pilot will 
typically apply manual compensation such that the frequency response magnitude of the open-loop pilot-
vehicle system หܩ௣ܩ௖ห exhibits a slope of approximately -20 dB per decade in the region of the 0 dB
crossover. This rule-of-thumb is illustrated in figure 5. The magnitude response curves are shown for the 
nominal short-period aircraft dynamics without pilot compensation (ܩ௖) and for the combined pilot-
vehicle system (ܩ௣ܩ௖). The crossover pilot model parameters used in this case correspond to scenario I in 
table 2. It is clear from figure 5 that the un-compensated open-loop short-period dynamics have a 
crossover slope of -40 dB per decade, and that the effect of pilot compensation is to lower the loop gain
by approximately 16 dB, reducing the open-loop crossover frequency to a region at which the magnitude 
slope is nearly -20 dB per decade. 
Figure 5. Change in open-loop crossover slope due to pilot compensation. 
From table 2 it is apparent that the human subject pilot applied a very small amount of lag 
compensation in addition to lowering the loop gain. Figure 6 shows through a series of five degree pitch 
angle captures that setting ଵܶ to zero in the pilot model results in no appreciable difference in command or 
response, indicating that for nominal airplane dynamics the pilot can be modeled as a gain and a time 
delay.
8Figure 6. Effect of pilot model lag-lead in scenario I.
Analysis of Scenarios II and III – Changes in Loop Gain 
Scenarios II and III both involve changes to the loop gain ܮିଵ݇௤ in equation (2). In these cases the 
compensating technique is to increase or decrease the pilot’s gain K accordingly. From the values listed in 
table 2, the pilot gain for scenario II is doubled in value in comparison to scenario I to counter the 
50 percent reduction in loop gain. Similarly, the 100 percent increase in loop gain for scenario III results 
in a reduction of the pilot gain by approximately half. Figure 7 shows that the pilot-compensated open-
loop frequency response magnitudes for scenarios I, II, and III are nearly identical. The slight increase in 
high-frequency attenuation for scenario II is a result of the significantly larger value of ଵܶ and smaller 
value of Ƚ (refer again to table 2) in this case. However, as figure 8 shows, this increased lag-lead 
compensation is a minor contributor to the total pilot command. Therefore, as with scenario I, it is 
reasonable to model the pilot with a gain and a time delay for scenarios involving merely a change in the 
loop gain. 
Figure 7. Pilot-compensated frequency responses for changes in loop gain. 
9Figure 8. Effect of pilot model lag-lead in scenario II. 
Analysis of Scenarios IV and V – Changes in Damping Ratio
The values in table 2 show that the human subject’s piloting technique for the increased damping 
ratio of scenario V is similar to the technique employed for nominal airplane dynamics, with slightly less 
gain attenuation, that is a larger value of ܭ. A small value for ଵܶ and a value for ߙ close to unity, both 
indicate that lag-lead compensation is not used to any significant degree. As illustrated in figure 9, the 
increased damping of scenario V eliminates the resonant peak at the natural frequency ߱௦௣ for the short 
period dynamics without pilot compensation. Consequently the dynamics do not exhibit the shallow 
(compared to -20dB per decade) slope at frequencies just below ߱௦௣, and the desired -20dB per decade 
slope is achieved with less pilot gain attenuation. For cases involving an increase in short period damping, 
the pilot can once again be modeled as a gain and a time delay.
Figure 9. Short period (ܩ௖) frequency response with variations in damping ratio. 
10
A decrease in short period damping has the effect of amplifying the natural frequency resonant peak.
From figure 10 it is apparent that the effect of the pilot’s lag-lead compensation is to suppress the peak to 
approximately -6 dB while maintaining a crossover slope of -20 dB per decade. Eliminating the lag-lead 
compensator by setting ଵܶ to zero produces a crossover slope that is too shallow and raises the resonant 
peak back above the 0db line. It is interesting to note that reducing the pilot gain ܭ for scenario IV in 
table 2 by 50 percent and leaving ଵܶ at zero produces the desired crossover slope and peak attenuation, 
but at the cost of reduced bandwidth. 
Figure 11 shows the time-history response for the original scenario IV parameter values in table 2
compared with the responses obtained by eliminating the lag-lead compensation and by decreasing the 
pilot gain by 50 percent. The reduced bandwidth of the pilot model without lag-lead compensation clearly 
results in poorer performance during the pitch angle captures. However, this might be a reasonable 
piloting technique, especially in cases where the pilot’s auxiliary workload is high or the pilot is 
distracted, and when a reduced bandwidth is acceptable to achieve the given task satisfactorily. Therefore, 
in some instances it may be acceptable to model the pilot as a gain and a time delay, even in cases of 
lightly damped pitch response. 
Figure 10. Effect of lag-lead and gain changes on lightly-damped frequency response. 
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Figure 11. Effect of pilot lag-lead and gain compensation for scenario IV. 
Analysis of Scenarios VI and VII – Changes in Natural Frequency
Altering the short period natural frequency primarily changes the aircraft’s open-loop bandwidth, or 
crossover frequency. In order to achieve the same -20dB per decade slope it would seem reasonable that 
the pilot would apply a gain reduction as in the case of the nominal dynamics. The values for scenario VI 
in table 2 indicate that the human subject pilot applied far less gain attenuation than for the nominal case 
in scenario I. The corresponding frequency response, shown in figure 12, exhibits a crossover slope of 
nearly -40dB per decade and a crossover frequency much higher than for the nominal case. It is 
interesting to note that the two frequency responses in figure 12 cross each other near the original short 
period frequency ߱௦௣ and at a magnitude of approximately minus 6dB. The applied pilot technique in this 
case appears to give greater weight to generating the desired attenuation at ߱௦௣ than either crossover slope 
or crossover frequency.
Figure 12. Pilot-vehicle frequency response for reduced frequency. 
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Although the value of ଵܶ in table 2 is relatively large for scenario VI, the corresponding value of ߙ is 
only slightly larger than unity indicating that the pilot applied some damping to the closed-loop dynamics.
As shown in figure 13, the time history response without the lead-lag filter active is slightly more 
oscillatory than with it. However, the degree of similarity between the time histories in figure 13 implies 
that pilot technique for cases of reduced natural frequency may be sufficiently approximated with just a
pilot gain and effective delay.
Figure 13. Effect of lag-lead compensation on scenario VI. 
In the case of increased natural frequency, figure 14 shows that the human subject parameters for 
scenario VII in table 2 (ܭ = 0.8) achieve a crossover slope of -20dB per decade, but only in the brief 
transitory range near the increased natural frequency ߱௦௣ᇱ . A further reduction of the pilot loop gain 
(ܭ = 0.3) reduces the crossover frequency to a region in which the -20dB per decade slope is sustained 
over a wider frequency range.
Figure 14. Pilot-vehicle frequency response for scenario VII. 
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For the pilot model parameters in table 2 corresponding to scenario VII, the lag-lead compensation is 
critical to the performance of the pilot-vehicle system; without it the natural frequency resonant peak is 
not sufficiently attenuated. When the pilot gain is reduced to ܭ = 0.3, the lag-lead compensation can be 
removed while maintaining reasonable performance, as shown in figure 15. Therefore, in cases of either
reduced or increased short period natural frequency, the pilot can be reasonably modeled as a gain and a 
time delay.
Figure 15. Effect of pilot model gain and lag-lead filter on scenario VII. 
Adaptive Crossover Pilot Model Description
The crossover pilot model is made adaptive, or self-tuning, by adding an adjustable increment to the 
pilot gain. Attempts were made to add adaptive increments to ଵܶ and ߙ as well, but a set of ad hoc 
adaptive rules for them could not be satisfactorily determined and remain a topic to be investigated.
However, as the fixed-gain pilot model analysis demonstrated, the pilot can generally be considered as a
gain and a time delay for the scenarios investigated in this report. Therefore, the adaptive crossover pilot 
model takes the form shown in equation (6). 
ߜ = (ܭ + οܭ)ߠ෨݁ିఛ௦ (6) 
The rules described in this section for computing the adaptive increment to the pilot gain were 
developed in an ad hoc manner. There is no formal derivation, nor are there formal stability proofs for 
them. However, they will be shown in certain cases to approximate the changes in piloting technique 
displayed by human pilots in response to modifications in system dynamics.
Adaptation Algorithm for the Pilot Gain 
The incremental pilot gain is computed by integrating the sum of negative and positive rate of change
terms, described by equation (7). 
οܭ = න൫οܭሶ (ି) + οܭሶ (ା)൯݀ݐ (7) 
The individual terms for negative and positive rates of change of the pilot gain, οܭሶ (ି) and οܭሶ (ା)
respectively, are calculated according to equation (8). The pilot gain adaptation is a function of the 
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difference between the pitch angle tracking error ߠ෨ and the derivative of the associated feedback, ߠሶ ؆ ݍ.
This error signal is similar to the one used by reference 5.
οܭሶ (ି) =
ۖە
۔
ۖۓ 0, หߠ෨ห݁ିఛഇ௦   ൑   ߝఏ(ି)(1 + |ߠ௖௠ௗ|݁ିఛഇ௦)
0, หߠ෨ห݁ିఛഇ௦ െ ߝ௤(ି)|ݍ|   ൒   0
Ȟ୏(ି)
หߠ෨ห݁ିఛഇ௦ െ ߝ௤(ି)|ݍ|
1 + |ߠ௖௠ௗ|݁ିఛഇ௦ , otherwise
οܭሶ (ା) =
ۖە
۔
ۖۓ 0, หߠ෨ห݁ିఛഇ௦   ൑   ߝఏ(ା)(1 + |ߠ௖௠ௗ|݁ିఛഇ௦)
0, หߠ෨ห݁ିఛഇ௦ െ ߝ௤(ା)|ݍ|   ൑   0
Ȟ୏(ା)
หߠ෨ห݁ିఛഇ௦ െ ߝ௤(ା)|ݍ|
1 + |ߠ௖௠ௗ|݁ିఛഇ௦ , otherwise
(8) 
The two similar sets of conditional statements applied to οܭሶ (ି) and οܭሶ (ା) in equation (8) can be 
understood as ensuring that pilot gain adaptation occurs when the following statements are true.
1. The pitch angle error is large in comparison to the command (indicating that a gain adjustment may 
be necessary to improve tracking), and 
2. The pitch rate response is outside an acceptable range of aggressiveness, which linearly decreases 
with decreasing tracking error. 
a.  Reduce the pilot gain if the slope of the pitch angle response is too steep, or
b.  Increase the pilot gain if the slope of the pitch angle response is too shallow. 
The free design parameters of equation (8) are listed in table 3 along with their assigned values. These 
values were determined using a non-linear search routine and time history data of a human subject 
adapting to changes in loop gain. It was found that restricting the tuning search to the first three scenarios 
in table 1 significantly sped up the search process while producing parameter values that worked well for 
all seven scenarios. The tuning process attempted to minimize the norm of the differences between the 
human subject’s pitch angle and pitch rate tracking as compared to those of the adaptive pilot model. The 
task was to perform a series of pitch angle captures with nominal aircraft dynamics (scenario I) followed 
by an identical series with uncertain dynamics (scenarios II and III). For the human subject data, this
sequence was performed six times and the results were averaged together to ensure a typical response.
During evaluation of the adaptive pilot model, the pilot gain was initialized to zero.
The time delay ݁ିఛഇ௦ in equation (8) eliminates some of the difference between ߠ෨ and ݍ that arises 
due to system delays and phase loss, mimicking the ability of a human pilot to mentally perform phase-
correlation between perceived error and resulting response. Alternatively, reference 5 used a root-mean-
square (RMS) function to estimate the magnitude of expected error, and only permitted adaptation when 
the instantaneous error significantly exceeded the RMS error.
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Table 3. Adaptive pilot model gain parameters.
Free Parameter Tuned Value
߬ఏ 0.34
ߝఏ(ି) 0.26
ߝఏ(ା) 0.29
ߝ௤(ି) 0.65
ߝ௤(ା) 1.53
Ȟ୏(ି) 3.4
Ȟ୏(ା) 1.1
Unique sets of threshold values ߝఏ > 0 and ߝ௤ > 0 are applied when computing οܭሶ (ି) and οܭሶ (ା).
The threshold ߝఏ prevents adaptation when the pitch angle ߠ is within a threshold region near the pitch 
angle command, that is, when the pitch angle error ߠ෨ is small, as illustrated in figure 16. 
Figure 16. Illustration of pitch error threshold. 
Large pitch angle error is a necessary, but not sufficient condition for adaptation. In other words, if 
the pitch angle error is large, but the aircraft is responding appropriately to the pilot model’s corrective 
input, the pilot model gain should not change. The threshold ߝ௤ regulates adaptation when the aircraft 
response is not appropriate for the degree of tracking error. Reductions in the pilot gain, οܭሶ (ି) > 0, are 
only permitted when the pitch rate response of the aircraft is excessively large in relation to the pitch 
angle error. This condition implies overly aggressive control and indicates that the pilot gain is too large.
Conversely, if the pitch rate response of the aircraft is small relative to the magnitude of the error, the 
current level of pilot control input is insufficient to regulate the error and the pilot gain is permitted to 
increase, οܭሶ (ା) > 0.
The learning rates Ȟ୏(ି) and Ȟ୏(ା) control the rate of pilot gain adaptation. The error signal ߠ෨݁ିఛഇ௦ െ
ߝ௤ݍ is normalized with the magnitude of the pitch angle command to promote consistent adaptation 
characteristics for any size input. 
Simulation Results for Pilot Gain Adaptation 
The scenarios in table 1 were evaluated again in the 6DOF simulation with the same pitch attitude 
command sequence, except this time with the pilot gain ܭ initialized to zero and the incremental pilot 
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gain οܭ computed real time according to the adaptive algorithm in equations (7) and (8). The lead time 
constant ଵܶ in all cases was set to zero to eliminate the lead-lag filter, yielding the adaptive pilot model in 
equation (6). 
The simulation results for scenarios I, II, and III in figure 17 show several desirable characteristics of 
the adaptive algorithm. First, the adaptive gain reaches a quasi-steady state value with only minor 
fluctuations following the initial large change in value. Second, the steady-state values achieved by the 
adaptive pilot gain are approximately the values listed in table 2 for each scenario, marked on the plots as 
dashed lines. Third, the gain converges rapidly, within the approximately 5 seconds that reference 5
specifies as typical for human pilot adaptation. 
Figure 17. Pilot gain adaptation for changes in loop gain (dashed line is expected value). 
Simulation results for scenarios IV and V in which the short period damping characteristics of the 
plant have been altered are shown in figure 18. The adaptive pilot gain in the case of increased damping 
(scenario V) shows the same well-behaved characteristics that were evident when adapting to changes in 
loop gain. The results for the decreased damping in scenario IV are quite different.
Figure 18. Pilot gain adaptation for changes in damping (dashed line is expected value). 
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Recall from figure 10 that eliminating the lag-lead filter for scenario IV results in either insufficient 
attenuation of the resonant peak for the corresponding pilot gain in table 2, or adequate attenuation, but 
significantly reduced bandwidth if the pilot gain is reduced by half. The results for scenario IV in figure 
18 indicate that the adaptive pilot gain is alternating between the table 2 value (dashed line) and the 
reduced value (dotted line). The effects of these alternating gain values are also evident from the time 
history data in figure 19. Highly oscillatory pitch angle tracking occurs during those periods of the 
maneuver when the adaptive pilot gain is high. The regions of reduced pilot gain, which from figure 18
can be seen to occur near the 13, 25, and 36 second points in the data, result in a lagged, attenuated 
response. Incorporation of a self-tuning lag-lead filter, if appropriate adaptation rules can be found, may 
improve the convergence characteristics of the adaptive pilot gain and produce results more similar to the 
human subject data. 
Figure 19. Comparison of adaptive pilot model to human subject for scenario IV.
Simulation results for scenarios VI and VII in which the short period natural frequency of the plant 
has been changed are shown in figure 20. In both cases the adaptation characteristics of the pilot gain are 
well-behaved. Note that, for scenario VII the pilot gain does not approach the value listed in table 2 and 
shown in the figure as a dashed line. Rather, it converges to a value of approximately 0.3 (dotted line),
which was shown in figure 14 to produce the desired crossover slope and bandwidth without lead or lag 
compensation. 
Figure 20. Pilot gain adaptation for changes in natural frequency. 
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Summary
The traditional crossover model of the pilot-vehicle system was shown to match human test subject 
piloting technique for pitch-axis, gross-acquisition tasks in a generic fighter aircraft. Furthermore, the 
pilot gain and lead-lag characteristics of the crossover model were successfully altered to match human 
subject piloting techniques for six scenarios of altered aircraft dynamics, including changes in loop gain,
damping ratio, and natural frequency. 
For the nominal aircraft dynamics and four of the six scenarios of modified dynamics, removal of the 
lead-lag portion of the pilot model did not significantly degrade its performance. In the case of an increase 
in natural frequency, removal of the lead-lag filter required a larger reduction in the pilot gain than when 
the filter was included in the model. In the case of a decrease in damping ratio, both the Neal-Smith 
handling qualities analysis and the human subject data showed that lag-lead compensation is an important 
component of the human subject’s piloting technique. Removal of the lag-lead filter from the pilot model 
and a decrease in pilot gain produced a plausible crossover model for this scenario, albeit one that did not 
match the human subject’s technique. In each case, then, it was deemed reasonable to model the pilot as a 
gain and a time delay.
A self-tuning pilot model was created by adding an adaptive term to the crossover pilot model gain.
The update rule for the pilot gain was developed in an ad hoc manner and tuned to match the human 
subject’s adaptation to changes in loop gain. In six of the seven dynamics scenarios, the self-tuning pilot 
model gain quickly converged to its expected value and remained fairly constant. In the case of a
reduction in the aircraft’s damping ratio, the adaptive pilot gain tended to alternate between a high and a 
low value. The resulting pilot-vehicle dynamics for this scenario consequently alternated between 
oscillatory and sluggish tracking response. 
The adaptive pilot crossover model developed in this report provides a tool to aid in the analysis of 
pilot interactions with adaptive flight control systems. It is not a one-size-fits-all model and does not 
model every type of piloting technique, particularly in cases of lightly-damped aircraft dynamics. The 
inclusion of an adaptive term for pilot lag-lead compensation, which remains an open area of 
investigation, should improve the utility of this tool. Other work that remains to be done is to determine 
the extent to which this algorithm can model pilots of different types, and to determine the applicability of 
this algorithm to the pilot’s control of the lateral axis.
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